The existence of a generalized magnitude system in the human mind and brain has been studied extensively but remains elusive because it has not been clearly defined. Here we show that one possibility is the representation of relative magnitudes via ratio calculations: ratios are a naturally dimensionless or abstract quantity that could qualify as a common currency for magnitudes measured on vastly different psychophysical scales and in different sensory modalities like size, number, duration, and loudness. In a series of demonstrations based on comparisons of item sequences, we demonstrate that subjects spontaneously use knowledge of inter-item ratios within and across sensory modalities and across magnitude domains to rate sequences as more or less similar on a sliding scale. Moreover, they rate ratio-preserved sequences as more similar to each other than sequences in which only ordinal relations are preserved, indicating that subjects are aware of differences in levels of relative-magnitude information preservation. The ubiquity of this ability across many different magnitude pairs, even those sharing no sensory information, suggests a highly general code that could qualify as a candidate for a generalized magnitude representation.
Introduction
Magnitudes such as size, duration, and number share similar psychophysical signatures, appear to use overlapping neural resources, and can influence each other in dual tasks. These observations are consistent with the existence of a shared analog code or generalized magnitude representation (Gallistel & Gelman, 2000; Holyoak & Glass, 1978; Pinel, Piazza, Le Bihan, & Dehaene, 2004; Walsh, 2003; see Bonn & Cantlon, 2012; Bueti & Walsh, 2009; Cantlon, Platt, & Brannon, 2009; Cohen Kadosh, Lammertyn, & Izard, 2008; and Lourenco, 2015 for extensive reviews). However, the shared-code hypothesis remains underspecified because the existing data has not revealed much about the code's internal structure. In addition, it remains unclear whether the many studies demonstrating interactions between magnitude dimensions are tapping into more than one possible mechanism.
At a minimum, a shared code should be inherently meaningful across many magnitude domains and across sensory modalities. Two types of relative-magnitude representation-ratios and ranks-automatically offer such generality at different levels of granularity. Ratios and ranks are dimensionless quantities that abstract away from original metrics; for example, the ratio of 1:2 is meaningful on any intensity scale such as loudness or size. Some recent evidence suggests that ratios, represented by pairs of lines of different length or subsets of dot arrays painted in a particular color, are spontaneously represented in a fronto-parietal network in adult humans and macaques (Vallentin & Nieder, 2008 , 2010 Jacob & Nieder, 2009; Jacob, Vallentin, & Nieder, 2012) , but it is unclear whether these representations are restricted to their particular dimensions. In principle, ratios could support crossdimension mapping between pairs of structurally similar analog magnitudes (Srinivasan & Carey, 2010), but current evidence for such transfer is limited.
We explore the possibility that humans spontaneously represent fine-grained information about ratios and ranks in a format that can be compared across modalities and dimensions, providing a candidate for a generalized magnitude representation.
Current evidence for cross-dimension transfer of relative magnitudes
An abstract representation of relative magnitude should allow observers to transfer information about a set of two or more stimuli from one dimension to another without presenting both dimensions simultaneously. Evidence for the transfer of representations of relative magnitude across dimensions or across sensory http://dx.doi.org/10.1016/j.cognition.2017.07.012 0010-0277/Ó 2017 Elsevier B.V. All rights reserved.
